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Introduction
Electricity markets in many European countries are subject to rapid changes due to government measures to promote the supply from renewable energy sources. In particular in Germany the share of wind and solar electricity in the total supply has reached historically unprecedented levels. During off-peak hours, this share is often more than 50% (Fraunhofer Institut, 2014) . This strong increase in the supply from the intermittent generation sources with very low marginal costs reduces electricity prices, which is good news for electricity consumers. However, it also depresses incentives for investments in conventional power plants which may still be needed in case of insufficient supply from the renewable sources.
Another potential effect of the growing supply from renewable energy sources is that it raises the intensity of competition in the electricity wholesale markets. Since the start of the liberalisation of these markets, concerns existed about the lack of competition. The electricity wholesale markets are widely viewed to be vulnerable to competition problems because of the highly inelastic and volatile demand and the impossibility to store electricity while demand needs to be permanently equal to supply (Holmberg and Newbery, 2010) . Indications of abuse of market power in electricity wholesale markets are detected by, amongst others, Borenstein et al. (2002) , Joskow and Kahn (2002) , Van Damme (2005) , Bushnell (2007) , Bushnell et al. (2008) , and Fowlie (2009) . In order to improve the functioning of the wholesale markets, a number of regulatory measures have been taken. These measures included a restructuring process which encompassed both vertical and horizontal unbundling although the extent of vertical unbundling varied among the EU member-states (Newbery, 2002; Jamasb and Pollitt, 2005) . The separated transmission and distribution systems became subject to regulatory supervision, while the generation entities became commercial parties operating on wholesale markets. These measures have contributed to a more efficient allocation in the electricity wholesale markets (see e.g.
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A c c e p t e d M a n u s c r i p t 4 Amundsen and Bergman, 2006; Green, 2011; Mulder, 2015) . At the same time, awareness of climate change challenges grew while new technologies to cope with these challenges spread out in society (Grimaud et al., 2011) . Especially (distributed) generation of renewable energy took off (Lior, 2012) . These changes may also have an impact on the intensity of competition. This is the topic of our paper.
We focus on the impact of the supply from two different distributed techniques on competition. We measure this impact through the effect of changes in the residual supply on the Lerner index. The residual demand captures both the total demand and the responses by fringe suppliers, i.e. agents whose supply is fully determined by their marginal costs in relation to the actual market price. Hence, the supply function of the fringe suppliers can be seen as negative demand from the perspective of the incumbents. The aim of our study is to estimate the impact of this fringe supply on competition and to analyse the differences in the way different techniques might have such an impact. We find that wind supply as an intermittent price-insensitive technique has a different effect on the market than the supply from horticultural farmers using Combined Heat and Power (CHP) plants combined with heat-storing facilities enabling them to be price sensitive.
Our analysis is directed at the Dutch wholesale electricity market during the period [2007] [2008] [2009] [2010] [2011] . A number of years ago, serious concerns were raised about the limited liquidity of this market and the ability of the incumbents to exert market power during peak hours (see Van Damme, 2005) . Since then, the Dutch market has become more integrated with the neighbouring countries through both physical and virtual extensions of cross-border capacity (Mulder and Schoonbeek, 2013) . Within the Dutch electricity market, the share of distributed generation has grown strongly to about 40%, according to Statistics Netherlands (CBS;
A c c e p t e d M a n u s c r i p t 5 http://statline.cbs.nl/StatWeb/default.aspx). The majority of this distributed capacity is installed for own use by firms in a wide variety of industries. Only a small part of this capacity is used to supply electricity to the wholesale market. In particular, the generation capacity owned by horticultural farmers is increasingly used to act as a fringe supply (Velden and Smit, 2011) . In this respect, the supply from their CHP plants is related to the outside temperature as it is mainly a by-product of the production of heat and CO 2 , which is an input in the horticultural industry.
The horticultural farmers can fine-tune the timing of the supply to the market because of their ability to store the heat, enabling them to produce electricity during peak hours and to use the heat during night. In addition, and for comparison reasons, we also study the supply from distributed wind mills, which also can be regarded as fringe supply, as the electricity that is generated is directly supplied to the grid. In contrast to the horticultural farmers, producers of wind energy are almost completely unable to fine tune their supply of electricity as it is predominantly weather conditions that drive the (changes in) their electricity production while storage options are not available.
In this paper, we estimate a structural market model of the Dutch electricity market and, by using counterfactual simulations, evaluate the effect of the competitive fringe on competition in the market. The price sensitive competitive fringe supply is about 0.5 per cent of total electricity production in the Netherlands. Therefore, although we find that the Lerner index during peak hours would be higher if there was no competitive fringe in the market, the effect is very small. Hence, we conclude that the fringe supply so far only has a minor impact on competition in the Dutch electricity market. We also conclude that the different technologies for distributed generation have a quite different impact on competition. Horticultural farmers using CHP plants in particular affect competition during winter days when temperatures are low, M a n u s c r i p t 6 whereas the impact of wind supply on competition depends on the actual wind speed. We find a more pronounced impact on competition and prices of electricity from wind energy than from CHP plants (see also Meibom et al., 2009; Ketterer, 2012) . This different effect can be due to differences in the elasticity of residual demand when these technologies operate or to the different levels of intermittency.
The remainder of the paper is organized as follows. Section 2 gives the theoretical background of our model which is presented in Section 3. Section 4 introduces the data used for the estimations of our model, while Section 5 presents the results. We conclude in section 6.
Modelling market power in the electricity market
There are two main strands of literature on electricity market modelling.
1 One group of papers, starting from Allaz and Vila (1993) , is based on the assumption that electricity producers compete a la Cournot oligopolists (see also Borenstein et al. (1995) , Arrellano (2003 ), Bushnell (2007 , Bushnell et al. (2008) , Fowlie (2009) , Lambertini and Tampieri (2012) ). The main drawback of Cournot competition models is that they may systematically overestimate market power of firms. If sellers follow a slightly different pattern than the standard Cournot competition set-up and if it is assumed that the firms compete a la Cournot, then the estimated mark-ups can be much higher than the actual ones (Willems et al., 2009) . If the oligopolists can sell their products prior to its production (i.e. forward trading), competition is set to intensify. In effect, the competition may intensify so far as to imply convergence to the Bertrand equilibrium, as shown in Allaz and Vila (1993) .
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As a result, a second strand of structural electricity market models has emerged, based on the seminal supply function equilibrium (SFE) model of Klemperer and Meyer (1989) .
According to this framework, firms face market uncertainty and choose their supply functions instead of only quantities. In most wholesale spot electricity markets, sellers submit their dayahead supply schedules and buyers submit their day-ahead demand schedules, while an auctioneer sets a day-ahead equilibrium price and quantity by crossing these demand and supply schedules. 2 The advantage of this approach is that the supply function equilibrium allows more competitive behaviour of firms than the Cournot framework. Willems et al. (2009) find that there is no significant difference among Cournot competition and SFE models in their analysis of the German electricity market if the existence of an electricity forward market is taken into account. The existence of such a forward electricity market puts additional competitive pressure on the firms and the equilibria in the Cournot and SFE frameworks become similar. 3 As a result, in this paper, we will apply a Cournot competition model which incorporates the forward electricity market. According to our results, the Cournot competition model quite well describes the Dutch electricity market during peak hours.
However, the electricity producers´ behaviour is more in line with the competitive SFE model during off-peak hours, which would result in an overestimation of market power under the Cournot competition model.
In this paper, we focus on the impact of the fringe supply on competition in the electricity market. In our set-up, we assume that the (few) large electricity producers behave a la
Stackelberg leaders and face a competitive fringe in the Dutch electricity market. The idea to competitive set-ups. They find that a competitive fringe has a negative effect on the market power of large electricity producers. However, their conclusions are drawn by using only the estimated electricity demand whereas we use a structural market model. Fowlie (2009) 
uses a
Cournot model to demonstrate the role of industry structure and firm conduct to determine the extent to which emission leakage occurs as well as the welfare effects of incomplete regulation.
Another extension of our research is that we look into different technologies regarding the fringe supply. We investigate the impact of the fringe supply of horticultural farmers who use combined heat and power (CHP) installations. Furthermore, we account for the provision of electricity with an intermittent source of energy, namely wind. The latter has been investigated by others before (Ambec and Crampes, 2012; Spiecker et al., 2013) . However, these studies do not focus on the role of the fringe supply and do not model the market as a whole. Both our fringe suppliers are distributed generators of electricity. As far as we are aware of, the literature A c c e p t e d M a n u s c r i p t 9 so far does not investigate the role of different technologies in the fringe supply within the context of the Cournot and SFE model of the electricity market.
Model
In this section we provide the derivation of the electricity market model that we use in the empirical analysis. The market is characterized by a continuum of electricity consumers having different preferences, which results in an aggregated demand ( ,
where P is the price, is a vector of other factors that affect electricity demand, , and are the parameters and is a random error term. The value of is observable in the spot market and firms know only the distribution of when they sign their forward contracts. The electricity market is open to both exports and imports. Electricity importing companies are price takers and behave as a Stackelberg follower. The supply of the importers is approximated by a linear supply function and is included in .
Next to the competitive import, electricity is sold by large local electricity producers and a price sensitive local competitive fringe, which consists of horticultural energy suppliers.
The supply function of this fringe is approximated by , where is a positive parameter. The wind energy suppliers are price insensitive and their supply is driven by wind speed only. We label the quantity supplied by these producers as . Consequently, the residual demand served by the large producers becomes .
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The large producers are active in both the spot and forward markets. Therefore, every firm solves a two stage optimization problem. In the first stage, a producer chooses an optimal forwardly traded quantity. The actual production level and, thus, the optimal quantity for the spot market, is chosen in the second stage (see Appendix A for the more detailed model derivations).
After solving the first stage profit maximization problem, we obtain the optimal value for the forwardly traded quantity. We plug this quantity in the second stage first order condition which gives us the following equation ,
where is the sum of marginal costs of all firms. For estimation purposes we multiply the values of quantities and marginal costs by appropriate expressions of and replace matrix by the following variables affecting electricity demand: a trend variable, the length of daylight (DL) and the set of hour and day dummies (D). As such, we arrive at the following equation, for which we provide estimation results in Section 5: ,
where, , ,
In the estimation process, we mostly focus on the identification of parameter which captures the slope of the fringe supply function. This is done by incorporating additional information on the electricity supply of the horticultural sector. Namely, we replace the element in equation (2) by the observable quantity of the sector, which is denoted by and arrive at equation (5) (5)
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A c c e p t e d M a n u s c r i p t 11 where By estimating equation (5) we obtain the value of , which allows us to identify the value of .
Market and data description

Market description
In 2007-2011 the electricity demand in the Netherlands was met by six big electricity producers 4 , imported energy and decentralized generation. In 2007 the share of centralized production in total supply was 55%, but this decreased to 52% in 2011. The contribution of decentralized production increased from 27% in 2007 to 31% in 2011 and the share of import was about 17% in both years. The intensity of competition in the Dutch electricity market grew over time as a result of the increase in generation capacity, in particular decentralized and more cross-border capacity (Mulder and Schoonbeek, 2013; Mulder, 2015) . During the off-peak hours (10PM -9AM) 5 the imported energy takes care of about 27% of the total residual demand (excluding supply from decentralized production) and the six electricity producers account for 73%. Meanwhile, during the peak hours (10AM -9PM) electricity import takes 19% of total domestic demand, the big producers supply about 81% of the total residual demand. Additionally there is a big difference in the market price during the peak and off-peak hours: the average peak period price in 2007-2011 is 62 Euro/MWh while average off-peak price is 39 Euro/MWh in this period. Furthermore, the off-peak price is often below the marginal production costs, whereas the 4 During the analyzed period there was no entry and exit in the group of these firms. 5 Usually, the hours between 8AM and 11PM are called as peak hours, and the hours between 10AM and 6PM are called as super-peak hours. We have noticed that the oligopolistic model with a competitive fringe provides the best fit for the hours between 10AM and 9PM. These are mainly super-peak hours and a high electricity consumption in the additional hours can be explained by intensive electricity consumption by households in the first quarter of the year.
A c c e p t e d M a n u s c r i p t 12 peak price is always above marginal production costs. 6 Therefore, we conclude that the degree of competition during the peak hours is much smaller, and in our analysis, we treat the Dutch electricity market in this period as an oligopolistic market with a competitive fringe.
Of all the decentralized electricity production that takes place during the peak hours only a fraction of it is supplied to the market. The major part of the energy is produced by the chemical industry and other energy-intensive industries during production processes and is used for own needs. The later production is insensitive to the market price and has an effect on the intercept of the total linear demand function. In the estimation process we control for this by using hour specific dummies.
The electricity that is supplied by the competitive fringe consists of wind energy and the electricity produced by horticultural firms. The production technology of both supplier types is very different which leads to different supply decisions. The wind energy generation features zero marginal production costs. Therefore, the main factor that determines whether the wind energy is supplied to the market is a sufficient wind speed. Furthermore, this supply is practically insensitive to the electricity market price: The correlation coefficient between wind power and the electricity price is no more than -0.02 (see also Figure 1b) . As a result, in the derived model the supplied quantity enters the residual demand of big electricity producers by reducing the intercept. However, the supply of electricity from the horticultural sector is price sensitive. The electricity is a side product of the horticultural suppliers whose main objective is to produce heat for their greenhouses. According to their heat production technology, the horticultural suppliers can store the heat with some heat losses which happen due to the storage. The producers choose the time period of heat and electricity generation by comparing their production and storage costs 6
The fact that an off-peak price happens to be below the marginal production costs can be explained by high dynamic dispatch costs of the plants: for a relatively short period firms may decide to supply electricity when their marginal costs are above the market price, because not producing would result in higher costs.
A c c e p t e d M a n u s c r i p t 13 with the price of electricity in the market. As soon as the electricity market price exceeds their marginal costs, the horticultural suppliers start supplying electricity to the market. The size of the heat-production facilities and the demand for heat vary among the horticultural farmers supplying electricity, which leads to a different number of the horticultural suppliers for every market price. While comparing the supplied electricity quantity with the wholesale market price we have observed that the horticultural supply function can be well approximated by the linear supply function (Figure 1a) . Additionally, after estimating the linear relationship between the wholesale market price and the amount of the electricity that was produced by the horticultural sector, we find that the coefficient next to the supplied quantity by the horticultural firms equals 0.5965 and is significantly above zero. Meanwhile, after estimating the linear relationship between the wholesale market price and the amount of electricity produced by wind energy suppliers, we find that the coefficient is not statistically different from zero. Hence, in the subsequent derivations we assume that the sellers employ constant-returns-to-scale technology which results in constant marginal production costs.
The economic slowdown that took place in Europe starting from 2008 had an effect on electricity demand in the Netherlands. Additionally, because of the technological progress both firms and households needed less electricity to satisfy their needs (see Table 1 for the details). In order to capture this effect we introduce a linear yearly trend in the model. a Total residual demand is computed by taking the total production of the incumbent firms, subtracting export and adding import and the supply of the fringe.
Data
We use hourly data on the centralized production units in the Dutch market, obtained from the Netherlands Authority for Consumers and Markets. This database includes hourly data regarding the available generation capacity as well as the level of production for all centralized production units in the Dutch market over the period 2007-2011. In addition, the database contains information about the technical characteristics of each plant, such as generation technique, maximum technical capacity, fuel type and fuel efficiency. By combining these data with data on fuel prices, we are able to determine the hourly marginal costs of each plant. The marginal costs include fuel costs, operating and maintenance costs as well as start-and-stop costs.
(see Mulder (2015) for the data description and the methodology how these costs are calculated).
From earlier studies, we know that electricity producing oligopolies do not always behave as Cournot competitors (Yao et al., 2004) . In order to check this, we compute the Lerner index, labelled as L actual in Table 4 , which is based on the data about APX 7 spot prices and the actual marginal costs. We observe that for some hours this index becomes negative, which implies that a Cournot competition model cannot be applied for these hours. Hence, for the estimations, we Table 2 .
As data on fringe supply are not directly available, we compute these data using information on other variables. For the supply by the horticultural farmers, we are able to use the fact that they produce electricity as a side product of heat production through Combined Heat and Power (CHP) plants. The horticultural farmers can store the produced heat for a number of hours or days while the heat storage costs depend on the outdoor temperature. The lower the outdoor temperature the more heat is needed for greenhouses. Therefore, a horticultural supplier does not store its produced heat for a long time (days) if it is cold outside. On the other hand, if temperature is high, additional heat may be not be needed, which implies that the heat cannot be used at all. As a result, the heat storage loss, the costs of storage and, hence, the marginal costs of producing electricity by CHP plants are positively correlated with the outdoor temperature. This implies that electricity production costs are lower when the outside temperature is lower.
According to our modelling assumptions, every horticultural supplier has constant marginal electricity production costs, and the joint upward sloping marginal cost curve appears due to different options that producers have to utilise the heat and that depend on the type of their cultivation and the technical efficiency of the CHP plants. 8 When the outdoor temperature decreases, the marginal costs of all horticultural suppliers decreases. Therefore, for any market price the quantity that is supplied by the fringe suppliers is higher when the outside temperature Velden and Smit, 2011) , and by using hourly HDD data we compute hourly electricity supply of the horticultural sector.
11 9 The decrease in the marginal costs of all horticultural suppliers shifts their joint supply curve vertically but does not affect the slope. 10 HDD are defined as the number of degrees Celsius the average daily temperature is below the threshold of 18 degrees Celsius. Thus, if the outdoor temperature is lower, then HHD value is higher. 11 The horticultural electricity supply is computed by using the following formula , where is the annual electricity supply of the horticultural sector and is the sum of HDD over all days in a year.
A c c e p t e d M a n u s c r i p t A similar approach has been applied with respect to computing wind energy supply. From the German market, we know that the level of production by wind mills is strongly related to the M a n u s c r i p t wind speed when the latter is translated into wind power (Mulder and Scholtens, 2013) . 12 Hence, for defining the relationship between the wind speed and generated wind energy, we use the data on the total annual electricity production by wind mills from Statistics Netherlands (www.cbs.nl) and the data on the hourly wind speed from the Royal Dutch Meteorological Institute (source:
www.knmi.nl). Then, we use hourly data on wind speed to generate hourly wind energy supply.
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Results
We first estimate equation (5) by using Newey-West OLS estimators. None of the variables exhibit any significant stationarity-related problems (testing results are available upon request). The estimation results are presented in column Model A in Table 3 . We find a negative effect of the marginal costs on the residual demand, as expected. Also daylight shows a negative coefficient, which partly follows from the fact that electricity is used for lighting. We also detect a negative trend, which can be explained by the fact that the demand for electricity has declined with the advent of the economic crisis (TenneT, 2012) . Finally, we find that especially the super peak hours in the morning show a significantly higher electricity demand.
12 In the German market, daily data on both wind generation and wind speed is available. The correlation coefficient between wind generation and wind power appears to be about 0.85. Wind power is related to the cube of wind speed if wind speed is not lower than about 4 m/s or not above about 25 m/s (source: www.pfr.co.uk/pfr) . 13 The supply of wind energy producers is computed by using the following formula: where is an annual wind energy supply, is the cubic speed of wind and is the sum of cubic wind speed over the year. We also account for the cases when the wind is too strong or too weak. In these cases wind turbines are turned off. M a n u s c r i p t 20 M a n u s c r i p t
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For the identification of we estimate equation (5) and the estimation results are in Table   3 (Model B). The coefficient for the marginal costs is the value of and it is significantly negative. Furthermore, both the daily and hourly patterns are quite in line with the results for Model A.
After we estimate the values of and we can compute the value of . When this value is known, we set in equation (5) and simulate the total produced quantity which would be supplied if there were no horticultural firms. Then we use this predicted quantity in equation (2) to compute the predicted market price P no_hort . By using the information on predicted price we compute the Lerner index L no_hort.
Similarly, by setting in equation (5) Page 22 of 34
A c c e p t e d M a n u s c r i p t 22 Table 4 shows that the supply from wind and horticultural industry has a positive effect on competition. Without this supply both the electricity price and the Lerner index would be higher. Without the supply of wind the electricity price is about 1.51 euro/MWh higher, while the absence of the fringe supply from the horticultural farmers would result in 0.62 euro/MWh higher prices (see also Mulder and Scholtens, 2013) . The Lerner index would be 0.016 higher in the first case and 0.007 in the second one.
15
15 While comparing the coefficients next to MC both in Model A and Model B in Table 3 , we obtain that t statistics equals 2.8764, which allows rejecting the hypothesis that equals zero. However, the significance of the impact of fringe supply must be treated with caution due to additional error terms that appear due to the use of instruments to measure the supply of the fringe. In Figures 3 and 4 , we plot the change in the spot price and the Lerner index respectively A c c e p t e d M a n u s c r i p t 24 if the horticultural electricity producers (a) or wind energy suppliers (b) were not in the market.
As one can easily observe, the effect of the horticultural electricity producers on the equilibrium price shows a strong seasonal pattern. As the average temperature increases during the first quarter, the electricity supply by the horticultural sector decreases, which increases the residual demand for the large producers. This results in the fact that the horticultural producers play a smaller role in the spot market. In contrast, wind speed does not show a seasonal pattern over the first quarter of the calendar year and features intermittency. As a result, the effect of wind producers on the spot market price does not show a clear trend over time.
In Figure 5 , we depict the effect of the average impact per unit of supply by the 
Conclusion
We investigate the competitive fringe effect in the Dutch electricity market, focussing on how two very different generation techniques (horticultural Combined Heat and Power generation and wind mills) interact with the conventional energy system. We account for spot and forward contracts as well as international electricity trade. The model is estimated on the basis of 3780 observations in the period 2007-2011. We observe that the fringe supply plays a minor role in the intensity of competition in the Dutch wholesale market for electricity. We find that without the supply of wind, the electricity prices would be about € 1.50 / MWh higher, and that without the fringe supply from the horticultural farmers, electricity prices would be about € 0.63 / MWh higher. The Lerner index would be 0.01 higher in the former case and 0.005 in the latter. As such, we conclude that the fringe supply from the price insensitive wind farmers has a much more pronounced impact on prices and competition than that of the horticultural farmers M a n u s c r i p t 26 with their CHP facilities(see also Meibom et al., 2009 A c c e p t e d M a n u s c r i p t M a n u s c r i p t
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Appendix A. Derivation of the model
We assume that there are N oligopolists which produce electricity in the market and compete a la Cournot. The firms sell electricity either in the local market or abroad. There are countries where the oligopolist may export electricity to. We label the export price (including transportation fees) in country as . The total export to country is denoted by . The total export of firm is labelled and the export of firm to country is . All the firms have constant marginal production costs and we denote the marginal costs of firm by . Next to exports, firm sells electricity in both spot and forward markets. We label the forwardly traded quantity of firm as and the forward market equilibrium price is denoted by . The total forwardly traded quantity is labelled as . Firms sign their forward contracts well before the spot market takes place. Hence, the profit maximization problem of a firm is in two stages.
In the first stage, the firm opens its forward position by maximizing its expected profit. In the second stage, the firm chooses its import, export and actual production quantities. As a result, we solve the profit maximization problem backwards. Firstly, we solve for the optimal import, export and actual production quantities as functions of . Afterwards, we solve the profit maximization problem with respect to forward quantities. Then, the profit maximization problem of firm in the second stage is as follows (A.1) where the local residual demand is satisfied by locally produced minus exported electricity. i.e. where .
There are firms in the market. Therefore we get the system of first order conditions, which we can summarize by where , and
Then after applying Cramer's rule we get that (A.7)
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If we sum (A.7) over all the firms and multiply by . we get (A.8) where .
Now we move to the first stage optimization problem of a firm which can be written as follows (A.9)
We omit export income in this stage because the optimal export quantity does not depend on the forward position of the firm. Also note that and must equal zero in equilibrium because of a non-arbitrage condition. Therefore, the first order condition of firm in the first stage is Wind supply effect
